With surging interest in high energy density batteries, much attention has recently been devoted to metal-air batteries. The zinc-air battery has been known for more than a hundred years and is commercially available as a primary battery, but recharging has remained elusive, in part because the fundamental mechanisms still remain to be fully understood. Here, we present a density functional theory investigation of the zinc dissolution (oxidation) on the anode side in the zinc-air battery. Two models are envisaged, the most stable (0001) surface and a kink surface. The kink model proves to be more accurate as it brings about some important features of bulk dissolution and yields results in good agreement with experiments. From the adsorption energies of hydroxyl species and experimental values, we construct a free energy diagram and confirm that there is a small overpotential associated with the reaction. The applied methodology provides new insight into computational modelling and design of secondary metal-air batteries.
Introduction
Although the technology originated in the 19th century, 1 metalair batteries were first put into commercial use in the beginning of the 20th century. They became increasingly popular in the seventies when the first button cells appeared in the market. In recent years, increasing global energy demand along with the depletion of the carbon based natural resources have inspired the pursuit for alternative energy supplies. This has brought battery technology under the spotlight and has encouraged the scientific community to revisit and overcome problems that have impeded its large-scale utilization.
Metal-air batteries are similar to Fuel Cells (FCs); the only difference being that the batteries are energy storage devices, while FCs are energy converting devices. In the past, a few potential candidates such as Li, Ca, Mg, Cd, Al, Zn and Fe have been investigated as possible energy carriers in metal-air batteries. The use of earth abundant metals makes this technology much cheaper than the FC technology. In addition, using oxygen from air as the cathode oxidant allows the battery to be filled with more anode material, which significantly increases the energy densities of the systems, albeit power densities remain low. Metal-air cells are characterized by a very flat discharge profile, which points to a minute potential loss over time. 1 Due to its various advantages, zinc was the first metal implemented in the metal-air batteries. It is abundant, rather inexpensive and stable in aqueous and alkaline electrolytes. In addition, it has environmental benignity, low equilibrium potential and flat discharge voltage. 2, 3 The zinc-air battery is the only commercialized cell in the metal-air family and hitherto only a primary (non-rechargeable) battery. 4 Li-air cells potentially possess higher energy density than zinc-air, 5 but remain challenged by limited current densities and sudden death, 6 and furthermore, the fundamental mechanisms are not yet fully understood. [5] [6] [7] The zincair cells are primarily used as large batteries for applications such as railroad signaling and remote communications. Since the development of thin electrodes, they have been used in small, high capacity primary cells, such as small electronics, medical devices (hearing aids) and other small appliances that demand low currents over a long period of time without the need for recharging.
Primary zinc-air batteries have remained an excellent choice in the metal-air family and are considered very successful commercially. They are cheap, easy to handle and environmentally friendly. Nevertheless, they feature some significant drawbacks, limiting the development of this technology, i.e. making secondary, electrically rechargeable batteries, or using Zn-air technologies for vehicle propulsion. [5] [6] [7] Among these, the most important ones are: anode corrosion, carbonate formation from the CO 2 in air, which decreases the conductivity of the electrolyte, high sensitivity to temperature and humidity, high self-discharge and zinc dendrite formation, where zinc builds unevenly in the form of branch-like structures that can short circuit the electrodes and eventually destroy the cell. 8 Besides, a major challenge pertains to making this technology rechargeable with high efficiency. This could be achieved by a bifunctional catalyst capable of performing both the Oxygen Reduction Reaction (ORR) during the discharging cycle and the Oxygen Evolution Reaction (OER) during the charging cycle. 9 We have previously studied theoretically which are the best catalysts for ORR 10, 11 and OER 12, 13 among different classes of materials, but the challenge still persists in combining the two. 14, 15 Another plausible technical solution is to make a three-electrode cell with two cathodes, one for the ORR and other for the OER, but this design significantly increases the size and complexity of the cell. 16 The cathode reactions have justifiably received much attention in the development of secondary zinc-air 17 and other metal-air batteries. 5 Few studies have been devoted to improve the anode to be able to design electrically rechargeable and mechanically refuelable zinc-air cells. [18] [19] [20] As a matter of fact, establishing an understanding of the fundamental reaction mechanisms at the anode and, equally important, the computational methodology to analyze and predict such reactions is an essential aspect in the design of future, electrically rechargeable systems.
The anode of the zinc-air cell is in the form of zinc paste and in excess of hydroxyl species, it oxidizes to the zincate anion [Zn(OH) 4 ] 2À and dissolves into the electrolyte solution, while two electrons are released and transferred to the cathode where oxygen is reduced. The zinc anode dissolution makes the recharge cycle difficult, because there is no connection between the electrode and the solvated zincate ion. Non-precious MnO 2 is used as cathode material, while KOH is often chosen as an electrolyte, due to its very good ionic conductance. Half reactions taking place at both electrodes are shown below.
Anode reaction:
Cathode reaction:
Adding these two half reactions and their standard potentials together gives the overall reaction and the potential of the system.
Overall:
It is important to note here that the definition of standard potential implies that reaction takes place under standard conditions in 1 M solution of each aqueous species. As one of the aqueous species is OH À this automatically implies that the potentials in the above reaction are estimated at pH 14. The maximum work that can be extracted from the system is 1.60 eV per electron, albeit the operating voltage is only B1.30 V, 1 due to kinetic losses mostly related to the ORR at the cathode.
In this contribution, we focus on the chemistry of the zincate anion formation in alkaline solution. We establish the free energy diagram (FED) for zinc dissolution at the anode side of the zinc-air battery. This is a continuation of our previous work in which we modeled a Li-air cell in aprotic solvent. 22, 23 We first introduce two different models for zinc dissolution, then we use a simple method to account for a finite bias and finally we show that there is a very small overpotential for this reaction. Although dissolution processes have been previously successfully studied with DFT [24] [25] [26] this is, to the best of our knowledge, the first attempt to model the electrochemical dissolution of zinc using DFT.
Computational details
All electronic structure calculations are carried out using the GPAW program package, which is a density functional theory implementation, based on the projector-augmented wave method that uses real-space uniform grids. 27 The grid spacing is set to h = 0.15 Å, as a tradeoff between computational efficiency and accuracy. The standard GGA-RPBE functional is chosen to describe the exchange and correlation part. 28 Two different slab models are used for comparison, the (0001) surface and a kink surface. The Zn(0001) surface is modeled by a periodically repeated five layers thick 3 Â 4 unit cell of which three topmost layers are allowed to relax. The Brillouin zone was sampled with a (4 Â 4 Â 1) Monkhorst-Pack k-point grid. For the kink model the Zn surface is represented by a periodically repeated six-layer slab. The two bottom layers are held fixed while the rest are allowed to relax. The Brillouin zone is sampled by the (3 Â 4 Â 1) Monkhorst-Pack k-point grid. 29 In both models periodic images are separated by 20 Å of vacuum in the direction perpendicular to the surface. All geometric optimizations are carried out using the quasi-Newton minimization scheme and the calculations are considered converged when residual forces on all atoms are less than 0.05 eV Å À1 . Fermi smearing is set to 0.1 eV, and all the energies are extrapolated to an electronic temperature of 0 K. All the calculations are performed in the ASE. 30 We start by addressing simple issues regarding lattice constants and the chosen models. The optimized lattice constants of zinc (a = 2.66, c = 5.37, a/c = 2.02) compare well with other theoretical DFT-GGA (a = 2.65, c = 5.12, a/c = 1.93) 31 33 The calculated formation energy of bulk Zn(OH) 2 is 2.35 eV, which is very close to the experimentally determined value of 2.5 eV. 34 Somewhat larger c lattice constant is related to the choice of the exchange-correlation functional. The RPBE functional is known to
Results and discussions
The electrochemical conversion of the zinc surface is efficient as long as the active metal surface is exposed to the electrolyte. It has been speculated experimentally that zinc undergoes sequential dissolution to form the [Zn(OH) 4 ] 2À ion:
ZnOH + OH À + e À -Zn(OH) 2 + 2e À
[Zn(OH) 3 
where Zn(OH) and Zn(OH) 2 are bulk hydroxides. The equilibrium potential for the formation of the ionic species [Zn(OH) 3 ] À and [Zn(OH) 4 ] 2À is 1.15 V and 1.199 V, respectively, at pH 14. 34 The standard electrode potentials for the reactions taking place inside the Zn-air cell are shown in Fig. 1 as a function of pOH (14 À pH). The zinc dissolution to Zn(OH) 2 is an electrochemical process as it involves transfer of two electrons; however, further dissolution to the aqueous species is a chemical process, which depends on the pH/pOH of the solution. Under very alkaline conditions (low pOH/high pH) the [Zn(OH) 3 ] À and [Zn(OH) 4 ] 2À energy levels are almost in equilibrium (violet and black lines). Fig. 1 also gives an explanation of why [Zn(OH) 4 ] 2À decays spontaneously to ZnO. The reason is that ZnO is chemically the most stable state in the entire pOH/pH range. This is at the same time the main reason why it is hard to do the reverse reaction, i.e. to recharge the battery -one needs to overcome a thermodynamic barrier regardless of pH and potential. The difference between the blue line (cathode reaction) and the green line (anode reaction) is the equilibrium cell potential (ECP). At higher pOH values the ECP will become smaller because [Zn(OH) 3 ] À and [Zn(OH) 4 ] 2À ion stabilities decrease with increasing acidity (black and violet lines). At pOH 4, the Zn 2+ ion becomes the dominant species in the solution. This will affect the ECP as it will start to increase gradually. At ca. pOH 8.5, the ECP will be even higher than that at pOH 0 (ca. 1.60 V). At first glance, from this simple thermodynamic analysis, one would conclude that it is better to run the reaction in an acidic environment; however, as no protons are produced at the anode, while they are quickly spent at the cathode, the electrolyte pH will swiftly change to pOH 4, where new equilibrium will be established.
The goal of the study is to model bulk dissolution and for that reason the choice of the right model becomes essential. Two qualitatively different models are used to investigate the zinc dissolution. The first model is the bare Zn(0001) surface ( Fig. 2, panel (a) ), which is at the same time the most stable Zn facet. With increasing number of OH species the Zn atom starts to displace from the surface. The most stable configurations for the first and second adsorbed OH groups are shown in Fig. 2 (panels (b) and (c)). The first OH sits on the hollow site and the second OH adsorbs on the neighboring hollow site close to the first. An additional OH group dissolves Zn atoms and vacancies are formed at the Zn(0001) surface (panel (d) in Fig. 2) .
For the second model we adopted a kink surface with the following two features. Firstly, kink atoms (most under coordinated defect sites) make the strongest bonds to adsorbates and thus they will be the first ones to dissolve. Secondly, when a kink atom is dissolved, it leaves another kink on the surface. As a result, there is no net change in the surface morphology and hence the surface energy remains the same. The difference in energy, before and after dissolution of a kink atom, thus corresponds to the energy of one zinc atom in the bulk. To ascertain this point we have compared the cohesive energy of Zn with the energy difference of the clean surface before and after dissolution of a single kink atom. A small energy difference of 0.04 eV justifies the choice of this model.
The intermediates formed during a single dissolution cycle are illustrated in Fig. 3 . The most stable OH adsorption site on the selected kink surface is the bridge site next to the kink atom (panel (b)). Subsequent OH groups are adsorbed on the step, until all the step sites are covered (panels (c) and (d)). In the end, each zinc atom at the step is bonded to two OH groups (panel d). Additional OH species bind to the kink atom and the kink atom starts to dissolve gradually from the surface (panel (e)). It is evident from panels (b) and (f) that the surface morphology remains unchanged after a dissolution cycle, implying that the zinc surface dissolves literally kink atom by kink atom.
Free energy diagram
The FED for zinc dissolution is presented in Fig. 4 . Before the results are discussed, we briefly outline how the FED is constructed. The last two steps in the FED are fixed to the dissolution potentials of zinc, forming [Zn(OH) 3 ] À and [Zn(OH) 4 ] 2À ions. The experimental values are used because it is hard to estimate the free energy levels of solvated ions with DFT. Since Zn atoms dissolve after two steps in the Zn(0001) Fig. 1 Standard electrode potentials for the cathode and anode reactions in the zinc-air cell are plotted as a function of pOH.
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Phys. Chem. Chem. Phys., 2013, 15 , 6416--6421 6419 surface model (Fig. 2) , the free energy of vacancy formation is added on top of the experimental [Zn(OH) 3 ] À and [Zn(OH) 4 ] 2À values i.e. the last two steps of red and green lines in Fig. 4 .
To obtain the free energy levels of solid phases, Zn(OH) and Zn(OH) 2 , a simple method previously developed to model the thermochemistry of electrochemical reactions is applied. 10 The adsorption energy of OH is calculated through the reaction energy of H 2 O + * -HO* + H + + e À . This way the effect of liquid water is implicitly taken into account however, the interaction of water with adsorbed OH through hydrogen bonding can further stabilize the OH species. Herein, we have incorporated adsorbed OH in a hexagonal hydrogen bonded network with water. The existence of the hexagonal water layer on Pt(111) has been proven experimentally 36, 37 and applied in theoretical calculations. [38] [39] [40] The hexagonal water layer is adjusted to the Zn(0001) unit cell for the purpose of this work. The stabilization energy due to formation of hydrogen bonds is estimated as the free energy difference between the OH adsorbed on the Zn(0001) surface with and without the hydrogen bonded network. The obtained value of 0.57 eV is used as an estimate for the water induced stabilization energy per OH species both for the Zn(0001) and kink surfaces. The solvation correction seems reasonable in comparison with a similar correction of B0.5 eV calculated on the Pt(111) surface. 10, 43 The bias effect on the free energy levels involving charge transfer is described by the ÀneU term, where U is the electrode potential vs. SHE and n is the number of transferred electrons. The pH effect is not explicitly included in the DFT calculations and, therefore, has to be added a posteriori. To account for the alkaline environment (pH 14) the free energy levels of the OH species are shifted by À0.059 Â pH = À0.83 eV. The total of the zero point energy (DZPE) and entropy change (ÀTDS) obtained from normal mode analysis and thermodynamic tables 35 for the reaction H 2 O + * -HO* + 1/2H 2 is found to be 0.39 eV per OH species at room temperature. The total free energy correction for the adsorbed OH species is given by
where DE w,water is the free adsorption energy including the water induced stabilization energy. The FED in Fig. 4 is shown at zero cell potential, and at the smallest potential where all the reaction steps are downhill in free energy. The latter FED is obtained by shifting the free energy levels at U = 0 V by chemical potential of electrons according to the last term in eqn (9) . The difference between the theoretical equilibrium potential is À1.199 V and this potential is the thermodynamic overpotential required to run the reaction. Red and green lines are the FED on the Zn(0001) surface at U = 0 V and À0.50 V, respectively. Clearly, the Zn(0001) surface is a bad model for bulk dissolution since the overpotential is poorly estimated to be 0.70 V, far from the experimentally measured one, i.e. 0.05-0.1 V. 41, 42 The reason for this huge difference is that after dissolution of a single Zn atom the surface is left with a vacancy, hence the adsorption energy is higher. Similarly, black and blue lines in Fig. 4 indicate the FED for the kink model at U = 0 V and minimum overpotential (U = À1.07 V). The kink model gives much better agreement with experiments and predicts 0.13 V overpotential for the anode reaction. Furthermore, Fig. 4 shows that the reverse process, important for recharging the battery, will also most likely happen on the kink site. By comparing the green and the blue lines in Fig. 4 , it is obvious that there is a much larger thermodynamic barrier for dehydroxylating [Zn(OH) 3 ] À to Zn(OH) 2 on the Zn(0001) surface than on kink, and this barrier cannot be overcome by changing the bias. Again, the reason why the kink model yields much better results is related to the aforementioned similarity between the kink and the bulk dissolution. The formation energy of Zn(OH) 2 in bulk has also been denoted for comparison (orange). There is a good This journal is c the Owner Societies 2013 agreement between the bulk Zn(OH) 2 formation energy and the two OH species adsorbed on a kink atom, which once more justifies the kink model.
This study is based on a purely thermodynamic analysis, however as kinetics does not play a major role, 42 we believe that this approach is accurate enough to describe the zinc anode dissolution.
Conclusions
In summary, we have presented a simple analysis of the anode dissolution in the zinc-air battery using both a Zn(0001) and a kink surface as model systems. We concluded that the kink surface is a much better model for studying bulk dissolution processes. The invariance of the surface morphology before and after dissolution of a kink atom allowed us to calculate potential steps in one dissolution cycle. We have also discussed reasons why it is difficult to make a rechargeable battery. From the calculated OH adsorption energies and the experimental dissolution potentials we mapped out the FED and showed that there is a small overpotential of 0.13 V associated with this reaction. This result agrees well with the experimental 0.05-0.1 V overpotential. The work presented here clearly demonstrates the versatility of DFT in modelling bulk dissolution processes on metal surfaces.
